NPS ARCHIVE 
1966 
LEANE, S. 




LIBRARY . 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY » CALIF. 93940 



This document has 
release and ale; 



been approved for publics 

its distribution is unlimited. 



A DESIGN STUDY OF ANTENNA MODULATION TECHNIQUES 
RESULTING IN REDUCED SIDELOBE LEVELS 
by 



Stephen Patrick Leane 
Lieutenant, United States Coast Guard 
B.S., United States Coast Guard Academy, 1961 



Submitted in partial fulfillment 
for the degree of 

MASTER OF SCIENCE IN COMMUNICATION ENGINEERING 

from the 

UNITED STATES NAVAL POSTGRADUATE SCHOOL 



December 1966 



.iflNC, 5 




ABSTRACT 




It is desirable, for many applications, to utilize a receiving 
antenna system which is sensitive only to radiation from a specific 

I* j 

direction. In order to eliminate the incoming signals from all other 
directions, the sidelobe strength in these regions must be significant- 
ly lower than the main beam. Time modulation was applied to certain of 
the antenna's parameters in an effort to reduce the sidelobe level of 
a linear receiving antenna array. Such factors as the effective length 
of the array, and the frequency and phase of the signals received by 
each of the individual elements were periodically varied in time. After 
summing the voltage contribution from each element, the resultant signal 
was suitably filtered and sent to the detector. Antenna field patterns 
were developed in mathematical terras and the experimental calculations 
were made on the CDC 1604 computer. For all forms of modulation investi- 
gated, it was possible to reduce the sidelobe strength by more than an 
order of magnitude below the unmodulated level. 
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Introduction. 



The purpose of this study is to investigate various modulation 
techniques which, when applied to certain parameters of a linear re- 
ceiving antenna array, will result in an antenna pattern with reduced 
sidelobe levels. By periodically varying such factors as the apparent 
length of the array or the excitation from the individual receiving 
elements, it will be shown that this objective can be realized. 

With many of the more modern, highly sensitive communication and 
radar systems, there is a definite need for antenna configurations 
which possess this sidelobe property. In order to receive very weak 
and distant signals, such as tracking and telemetry information from 
space vehicles, radio frequency emissions from solar bodies, and direc- 
tive, long-range communications networks, it is imperative that the 
sidelobe level be held to an absolute minimum. Otherwise, stronger 
radiation from undesired directions could enter the receiving system 
via the sidelobes and obscure the intended signal. In addition, low 
sidelobe levels are an effective countermeasure against enemy ECM jam- 
ming, as the jammer will be effective only when it is placed in the 
main antenna beam. 

Traditionally, the designer of linear receiving arrays has but 
two basic variables with which to shape the antenna pattern. He can 
change the interelement spacing and the number of elements, and he 
can fix the amplitude and phase of the signal received by each element 
to any desired value. A combination of these techniques could, in 
theory, result in a large degree of sidelobe reduction. However, in 
actual practice, extremely small tolerances are often placed on the 
element spacing and excitation in order to achieve the desired degree 
of reduction. Meeting these narrow specifications usually proves to 
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be a serious problem. 

In 1958, an entirely new idea in antenna design was presented by 
H. E. Shanks and R. W. Bickraore, engineers from the Microwave Laboratory 
at the Hughes Aircraft Company. They proposed a "f our-dimensional" radi- 
ating system utilizing the three spatial co-ordinates with the time do- 
main providing the additional degree of freedom. [81 Periodic modulation, 
when applied to any of the array parameters, was shown to result theoreti- 
cally in reduced sidelobes. This design philosophy was pursued in the 
early 1960's by a group of engineers also from Hughes Aircraft Company 
under the sponsorship of the U. S. Air Force. [5, 9, 10, 11] They design- 
ed, built, and tested an antenna system whose elements were periodically 
switched on and off in a predetermined manner. Their experimental results 
have shown that the element modulation does, in fact, produce reduced 
sidelobes. Practically all of their effort seems to have been directed 
toward the on-off type of modulation. Still another group from Hughes 
has been engaged in developing a simultaneously-scanned, multiple-beam 
type of antenna using the element modulating procedure. [6, 7] Apart from 
these two projects, nothing has appeared in technical literature which 
would indicate that others are employing this technique. 

In addition to achieving reduced sidelobes, there are four other 
properties of the receiving array which are of interest. The first three 
are: (1) the ability to steer the main beam, (2) the gain of the an- 

tenna, and (3) the beam width of the radiation pattern. The fourth, a 
factor which is particular to the modulated array, is the signal con- 
tent of the sideband frequencies generated by the modulation process. 

While these factors are not of primary concern in this study, they do 
play an important part in the actual design of an antenna system. For 
this reason, some consideration will be given to them throughout the 
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report . 



The body of this report is divided into three main areas. In Sec- 
tion 2, the basic theory of sidelobe reduction by time modulation of the 
array parameters will be developed. Based upon the results of this fun- 
damental theory, four specific models, or types of modulation, will be 
examined in detail in Sections 3-6. The first to be investigated is the 
ON-OFF system developed by Hughes Aircraft Company. The remaining three 
types were developed by the investigator. They were chosen for the fol- 
lowing two reasons: (1) the modulation functions could be conveniently 

expressed in mathematical terms, and (2) the models could be physically 
realized. An over-all discussion of the results obtained from the four 
models and the conclusions will be given in Section 7. The results of 
this investigation show that a significant degree of sidelobe reduction 
can be obtained with all four modulating techniques, provided the modu- 
lation parameters are properly chosen. 

This study is theoretical in nature in that no attempt was made to 
physically realize any of the individual arrays. A mathematical func- 
tion was assumed for each of the four models which would describe the 
particular type of modulation employed. Based upon these assumptions, 
expressions which characterize the far field pattern of the antenna 
arrays were developed. Next, computer programs were formulated to rep- 
resent the field pattern of each model. From these programs, numerical 
and graphical data relating to the field patterns was supplied by the 
CDC 1604 computer. A large portion of the numerical data and some of 
the more significant graphical data have been included in this report 
in tabular and illustrative format. 
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2. Fundamental Theory of Time Modulated Antenna Arrays 

The basic theory of time modulation as applied to sidelobe reduction 
in a linear receiving antenna array will be developed in this section. 

The derivation will be an expansion of a brief outline presented by W. H. 
Kummer in 1963. T 5] Based upon the mathematical results of this develop- 
ment, specific examples of possible implementation schemes will be intro- 
duced in the following sections. 

The array under consideration is depicted in Figure 1, p. 53. It 
consists of N identical elements equally spaced a distance d apart. The 
blocks labeled 0^, C> 2 > •••> 0^ represent operators inserted in the indi- 
vidual feed lines. In the unmodulated or static array they are assumed 
to be short circuits. With the introduction of modulation they may take 
the form of switches, phase shifters, voltage generators, etc., as re- 
quired. The incoming plane wave of frequency cu is assumed to originate 
from a distant source located at an angle 0 measured from the array axis. 

If the voltages induced in each element are added together, the out- 
put signal from the array is given by[3] 

, jrtKd c os& !u>t 2-1 

<*yt)=£ (&,<(>) 2L cue e 

h:0 

where 

a n is the relative excitation (amplitude and phase) of the nth ele- 
ment 

€ (0, 0) is the element factor (0 is the angle measured to a point 
removed from the plane of Figure 1) 
k= 2TT/X is the propagation constant. 

Now assume that the element excitations, a , are varied in a peri- 

n 

odic manner with a frequency (D o «(i). Then, if a^Ct) is any band-limited 



i/fe 



14 



periodic function, it may be represented by[2] 



I j'ujt 

&n (t) - 7* Cy* e 

rvu-M 

where 

2,1T m _ 

lt)m s T ” 



and 



<X„ (t) e dt 2 

If this expression for a n (t) is substituted for in equation 2-1, the 
array output voltage is given by 



AM — j 



Z.(t Z-^^e J )e 



n-o m--M 



2_ e Z_ 

rr\-~ M |f)SO 

where 



2-5 



I 

a 7 Ci v, - 

The function a is refered to as the modulated excitation coefficient 
mn 

in this investigation. 

Refering to equation 2-5, the frequency spectrum of the array volt- 
age consists of 2M + 1 lines resulting from the modulation of the re- 
ceiving elements. These lines are centered around u> and are spaced cu^ 
apart as shown in Figure 2, p. 53* Also appearing in the spectrum are 
the sideband frequencies containing the information impressed upon the 
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carrier at the transmitting source. Assuming that the highest frequency 



component of the information modulation is oo', the value of u 3 q must be 
equal to or greater than 2<j)' in order to preserve the information content 
of the original signal. This requirement is a direct result of the sam- 
pling theorem applied to a slightly different physical situation. Also 
included in Figure 2, is a representation of a band-pass filter extend- 
ing from (cd-ib ' ) to (url-uu * ) . If the signal is passed through this filter 
prior to detection, the resulting signal voltage may be obtained from 
equation 2-5 by setting m = 0. 



The radiation pattern which results from the filtered signal is simply 
the pattern of an array with the element excitation coefficients equal 
to the time averages of the periodically varying excitation coefficients. 
That is, the relative element excitations have been changed from a R to 



of the modulation, significant sidelobe reduction may be achieved. As 
expected, some time varying excitation functions tend to have the oppo- 
site effect of increasing the sidelobe response. 

Four specific forms of modulation which might be employed in an 
effort to reduce the sidelobe level in a linear receiving array are in- 
vestigated in the next four sections. A number of other modulation 
techniques were analyzed for possible use; however, the mathematical 
results differed only slightly from those included in this report. In 




2-7 



where 




T 



2-8 



the modulated excitation coefficient a on * By properly choosing the form 
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addition, they were felt to be more difficult to actually implement into 
the antenna system. 

For each model, an assumption is made as to the nature of the oper- 
ators in the various feed lines. From this assumption, an expression 
for the modulated excitation coefficient is developed based upon the 
theory which was derived in this section. This leads directly into a 
mathematical representation of the filtered signal entering the detector. 
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3. 



Model I 



Probably the simplest form of periodic modulation which can be 
applied to the receiving array is an ON-OFF binary switching sequence. 
The operators in the individual feed lines are electronic switches which 
have been programmed to open and close in a periodic manner. When a 
particular switch is open, no contribution to the total array signal is 
made by the respective element. With the switch closed, the signal re- 
ceived by the element is allowed to pass unaltered to the array output. 
This form of modulation has actually been applied to a slotted receiv- 
ing antenna array with excellent results. [5, 9, 10, 11] 

The modulation function may be represented mathematically by 



where 

A n is an amplitude constant 
U(t) is the unit step function 

T n is the ON time per period of the nth element (O^r^T). 
Then, from equation 2-8, 




3-1 




0 




3-2 



Using this result in equation 2-7, 




3-3 



A - 0 
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An examination of equation 3-3 reveals that in addition to an ele- 
ment amplitude factor, A , the output signal from the array is dependent 

n 

upon a variable time parameter, Tn/j. In the unmodulated case, the sig- 
nal voltage was dependent upon three receiver parameters: (1) number 

of elements, (2) element spacing, and (3) element excitation. A fourth 
variable, time, has been added by the modulation process. A great deal 
of study has been directed toward determining the received signal as a 
function of the excitation, spacing, and number of elements. Attention 
will now be given to the received signal's dependence upon time modulation 
of the individual elements. 

With four parameters in the general case, the significance of the 
applied modulation could very quickly become obscured if they were all 
allowed to vary throughout this study. To reduce the problem, certain of 
the parameters have been set constant, both for this model and the three 
which follow. The five normalizing assumptions chosen for this investiga- 
tion are: 

1. The number of individual receiving elements, N, is equal to 
eight . 

2. The interelement spacing, d, is constant at ^/2. 

3. The element factor, e(6, 0), is equal to one corresponding 
to isotropic receiving elements. 

4. The individual element excitation gain, A n> is equal to one. 

5. The period of the modulating signal, T, is one unit of time. 

Thus, for the binary switching form of modulation used in Model I, the 
output signal from the array is dependent solely upon the ON times, T , 
of the individual elements. This dependence was investigated using a 
number of standard distributions. Because of the fact that the variable 

is quite simple from both a mathematical and a physical viewpoint, the 
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distributions actually employed are examined in some detail. In the 
models which follow, the parameter distributions are not as clearly 
visualized; however, they are based largely upon the distribution cri- 
terians developed for t . 

The static, or unmodulated, array pattern was determined by using 

a uniform distribution for r • All of the values of t were set equal 

n n 

to one which corresponds to each element being ON at all times. The re- 
sulting array pattern, shown in Figure 3, p. 54 , provides a standard of 
comparison for future modulating techniques. As was expected from a 
linear array of this type, three sidelobes were formed in the first quad- 
rant with amplitudes of 12.8, 16.4, and 17.9 db. below the main beam. 
Since the array pattern is the Fourier transform of the element excita- 
tion, the minimum theoretical value for the first sidelobe is —13.5 8b. 
for a uniform distribution, regardless of the number of elements. All of 
the antenna pattern figures are drawn for a single quadrant. This same 
pattern is present in all four quadrants by the very nature of this an- 
tenna. The one exception to the above statement is in the case of main 
lobe steering which will be covered later in this section. 

A linearly tapered distribution for t was investigated using var- 

n 

ious degrees of taper. It was discovered very quickly that the inversely 
tapered distribution shown in Figure 4, p. 55, was ineffective in reduc- 
ing the sidelobe level. The first sidelobe was only 5.7 db. below the 
main beam. The field pattern resulting from the same degree of taper 
applied to the array in the opposite direction is shown in Figure 5, 
p. 56. At the beginning of a modulation cycle, time t=0, all of the ele- 
ments were ON and contributing to the array output. The outer two were 
turned OFF at time t = T ^ = T ; the next outer two elements were switched 
OFF at time t a s T^; the next two at t s = T^; the center two 
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elements were left ON for the entire period, T. At time t=T, all of the 
elements were again switched ON and the process was repeated. Figures 
6 and 7, pp. 57 &58, show the antenna pattern for two additional degrees 
of linear taper applied to T . Both showed a marked improvement in 
sidelobe reduction over the static pattern. 

The values of r were then selected in accordance with the bino- 
n 

mial distribution. The receiving pattern, shown in Figure 8, p. 59 , in- 
dicates that no sidelobes were formed. The disadvantage of this pattern 
is the very wide beam width of 28.4 degrees. 

Finally, two of the Dolph-Tchebyscheff distributions were applied 
to t . The important features of these distributions and some sample 
calculations are presented in the Appendix. The two distributions actu- 
ally used were the —30 db. and —40 db. sidelobe coefficients. Figures 
9 and 10, pp.60&61, show the antenna pattern for these two cases which 
are in close agreement with the expected values. 

In the mathematical development of the fundamental theory presented 
in Section 2, sidebands were formed around the carrier frequency as a 
result of the modulation which was applied to the array elements. Is it 
possible that a significant portion of the received signal falls in 
these sidebands, thereby reducing the strength of the desired signal at 
the carrier frequency? From equation 2-6, the modulated excitation co- 
efficient is defined as follows: 




For the type of modulation employed in Model I, 
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It follows that 
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Note that by use of L'Hospital's rule, this function will reduce to 

&0A = Aa 

at the carrier frequency as determined by equation 3-2. 

The unfiltered signal from the receiving array is 

-I 



X £ 2« JLTT** 

ms -M 



n*o 



[s m ZTTw y-j (l- cos JTlm y)] e 



IfnvT jnKd ® 



3-7 



22 



Since a great deal of study has been made of the sideband signals for 
Model I, the detailed results are not presented here. [9, 10, 11] In 
general, depending upon the particular distribution employed for t , the 
level of the maximum signal in the first sideband is between 12 and 21 
db. below the peak signal at the carrier frequency. Higher order side- 
bands are even less significant. The total signal power which has been 
converted into all of the sidebands represents a loss of less than 0.5 
db. This is quite acceptable in view of the sizable reduction in side- 
lobe level. 

Because all of the elements are not contributing to the received 
signal at all times, the antenna gain of the modulated array is less 
than that of the unmodulated array. It has been shown that the ratio of 
modulated array gain to static array gain is given by[5] 



& , <S i Q —i* 
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where 

A is the relative excitation of the nth element 
n 

r is the ON time of the nth element 
n 

T is the period of modulation. 

For the distributions investigated for Model I with A^ » 1 and 
T = 1, the gain of the modulated array was reduced by about 3 to 4 db. 
below the unmodulated array. If, in addition to array modulation, rel- 
ative element excitations are also tapered, the gain is reduced by less 
than 1 db. Therefore, it is desirable in practice to achieve as large 
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a degree of sidelobe reduction as possible using amplitude taper prior 
to applying the element modulation. A summary of the results for Model 
I with different values of the parameter, r » is given in Table I. 

In concluding the study of binary ON-OFF modulation, it was desir- 
able to determine the effect of this modulation upon the ability to 
steer the main beam. This is certainly a desirable feature which would 
add to the versatility of the antenna. With all of the element excita- 
tions in phase, the phase difference between the nth element and the 
origin, n s 0, is equal to 



i K- A Kd cos B 3-9 

where 

- phase difference in signal between elements 0 and n 
k = 2 tt/x 

d = element spacing 

0 s direction in space measured from the line of the array 
If it is now assumed that a progressive phase shift equal to p is applied 
between adjacent elements, the relative phase of the signal in the nth 
element with respect to the origin is 

A Kd Cos © +• r\p 

r '( Kd CCS © 4- p) 3-10 

The far field modulated pattern at the carrier frequency now becomes 
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CALCULATED FIELD PATTERNS FOR MODEL I 
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Binomial 0.029 0.20 0.60 1.0 28.4 -98.5 -4.47 



TABLE I (continued) 





O 






















C 4J 




/-N 


T— 1 


c 


> 


C 


> 


00 


VO 


vO 


•i-l ^ 


4J 


• 


r-l 


wo 


ON 


00 


ON 


to 


CO U 


CO 


40 




• 




• 




• 


• 


• 


• 


O ^ 


4J 


TJ 




CO 


CO 


CM 


CM 


CO 


> 


CO 


v-/ 






I 




1 




1 


1 


1 


l 




/'-N 














CO 


ON 


i—4 


T3 0) 


Q> 


• 














• 


• 


• 


U T2 


43 


40 














vO 


ON 


o 


co *h 


O 


"O 














CM 


CM 




CO 


H 


>-/ 














1 


1 


1 


1 




rs 






ON 






O 


o 


1^ 


-o <D 


a> 


• 








• 






• 


• 


• 


C TO 


XI 


40 






r— 1 






00 


o 


ON 


CM *H 


o 


T> 






CO 






CM 


CO 


CO 


CO 


T— 1 


w 






1 








1 


1 


1 


1 




x-s 


CO 


vO 


tO 


<r 


o 


ON 


4j < y 


<u 


• 




• 




• 




• 


• 


• 


• 


w -O 


40 




CO 


c 


> 


r— 1 




ON 


H 


r— 1 *r-l 


O 


"O 


CO 


CO 


CO 


CM 


CM 


<r 


CO 


r— 1 


>-/ 


1 




1 




1 




1 


1 


i 






/-N 






















XJ 


• 




















a 


4J 


00 


o 


CM 


c 


> 


o 


vO 


CM 


(0 


•o 


a> 




• 




• 




• 


• 


• 


• 


Q> 


»r4 


"O 




< 


1* 


vO 


CM 


CM 


to 


to 




s —' 


CM 


CM 


CM 


CM 


CM 


CM 



to 

t- 

«» 

I- 



vO 



t- 








ON 


ON 


to 






to 


o 


CO 


r— 1 


to 


A 


vO 




r^. 


00 


00 


r* 


CO 


• 


• 


• 


• 


• 


# 


Ir- 


o 


O 


o 


o 


o 


o 



t- 








00 


00 


CO 




O 


CO 






CM 


r— 1 


#» 


CO 




CO 


to 


to 




CM 


• 


• 


• 


• 


• 


• 


1- 


o 


o 


o 


o 


o 


O 



00 



t- 








CM 


00 






CM 


o 


to 


CM 


vO 




A 


i— 1 


CM 


f— 1 


CO 


CM 


H 


1—1 


• 


• 


• 


• 


• 


• 


t- 


O 


O 


o 


O 


O 


o 



C 

o 



m -r-i 














0 4J 








• 


• 




cd 








• ■ >v 


* 1 >s 


• I 


Q) r-l 


• 


• 


• 


X X X 


40 42 40 


XJ 42 


a o 


o 


o 


o 


a <u 


-o o* <u 


*0 04 




0) 


CO 


CO 


r— 1 X2 


r-l 42 


r-l 


H O 


•H 


•i4 


•H 


sO 0 O 


O O O 


O 0 


X 


X 


X 


X 


CM Q H 


CO Q H 


<f Q 



26 



The position of the main beam and the beam width as a function of 
positive values of p are shown in Figure 11, p. 62. The main beam was 
formed by applying a 40 bd. Dolph-Tchebyscheff distribution for t . 
Negative values of p will produce the same steering effects in the 
opposite direction. Main beam steering can be accomplished in the modu- 
lated array in exactly the same manner as the static array. The sidelobe 
level remains approximately 40 db. below the main beam as the beam is 
steered to different positions up to about 125° corresponding to p = 100. 
For further increases of p, the beam begins to widen on one side and be- 
comes distorted. This rather sharp increase in beam width is quite evi- 
dent from Figure 11. As a result, it appears that the beam may be steered 
through an arc of about 70° centered around the broadside position without 
any harmful effects. Further attempts to move the main beam result in a 
sharply increased beam width, a distorted beam shape, and an increased 
sidelobe level. 

While this was the only type of modulation in which the beam steering 
capability was thoroughly investigated, the development indicates that the 
same results will hold true using other forms of modulation. This is due 
to the location of the progressive phase delay factor in the general form 
of the field equation. It does not appear as a multiplying factor but as 
an exponent along with the expression (r\Kd COS ©) . This will be 
true regardless of the form which the modulation takes and as such, is 
independent of the modulation. 
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4. 



Model II 



A second type of array modulation is produced by varying the signals 
received by the individual elements in accordance with locally generated 
sinusoidal signals of different frequencies and amplitudes placed in each 
feed line. This form of modulation was developed for two reasons: 

(1) the mathematical convenience of analyzing the functions, and (2) the 
relative simplicity of physically realizing the system. Each feed line 
contains a sinusoidal voltage generator of frequency b n uj q , and a non- 
linear modulation device as shown in Figure 12, p. 63. By properly con- 
trolling the value of b^ in each feed line, significant sidelobe reduction 
is possible. The array modulation function can be represented by 



where 

is an amplitude factor 

K = b u) 
n no 

U) Q «U) 

Then, from equation 2-8, 



Q.n(t) = An K* Co S K«t 
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o 





4-2 



but since 
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it follows that 

Aa . , 

tf©rt * T 

The filtered signal from the array is 



4-3 



M-l ^ 

'l/(Q ) t> i t)*£(6 ) <b)e J 21 “T 






n» 6 
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The modulated excitation coefficient for Model II given by equation 
4-2 is 

Art 



s -p S‘A ZTtk, 



which reduces to 



Aoa 58 S» * ZtV kn 4 _ 5 

when the normalizing assumptions, A r = 1 and T a 1, are applied. As a 

result, the only variable remaining is b^. The same distributions which 

were used to describe t r in Model I may now be applied to the quantity 

sin (2TTb n ) . The magnitude of sin (2nb n ) as a function of b^ is shown in 

Figure 13, p. 63. By knowing the desired magnitudes of the modulated 

excitation coefficients, values of b^ may be determined directly from 

Figure 13. For example, the coefficients of the 40 db. Dolph-Tchebyscheff 

distribution are 0.144, 0.413, 0.755, and 1.000. The corresponding values 

of b are 0.02305, 0.0678, 0.1365, and 0.250. Another set of values exist 
n 

for b R in the interval (0.25 £ b R £ 0.50) which would produce the same 
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degree of sidelobe reduction. Since the original expression for the 
array modulation function was 



Q»n 51 Aa Isa C^S UicTfc* 



the smaller set of values for b R was chosen in order to reduce the magni- 
tude of the modulation function. 

Figure 14, p. 64, shows the antenna patterns of the static array and 

the 40 db. Dolph-Tchebyscheff distribution applied to sin (2TTb ). The 

n 

sidelobe reduction was quite significant. A number of other values of b R 
were examined and the results are tabulated in Table II. 

The introduction of modulation into the system results in some of the 
signal power distributed in the sideband frequencies 



These frequencies should be filtered out prior to detection; however, it 
is desirable to determine just how much they detract from the signal at 
the carrier frequency. From equation 2-6, the general expression for the 
modulated excitation coefficient is 



■+ ftA aOo j m* ±1^ 2 * AA 




o 



4-6 



where 



- An Ka Cos Knt 



U/m s KAtOa - 




K a 2 Is A LOt 



Thus, 
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CALCULATED FIELD PATTERNS FOR MODEL II 
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-j“Vt 



Amn* ( T^° ) f Kn $ In ~JU)* C$5 Kn“t^ j^ 



«j u;^T 

*( T~)| $•* KrtT’ju)*^ ^T)- (“ j U>m)J 



A* K k r — j XTT ^ i v « 

* I S {K* S** Kn"T ■’jtoJin CoS J J 



^ Tft j^C) (kn 5"i K*T “juJ* Cos /tV»T ^ +j uc)^"J 



- [ K * **» 2,trtn +ju) tM (|-C0S ITTtn)] 



= T<0^ ^t»^“ i** 2Tt^n *t'ji»MiO« ^ 1“ CoS 2TT tn^J 



ftM% T j[‘ >i 5*n 1"TT i* + j ™ 0 “ ^-S *TT "J 

The unfiltered signal from the receiving array is then 
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In order to obtain a feeling for the magnitudes which result from 
equation 4-8, the carrier plus the first two sideband signals were deter- 
mined for a 40 db. Dolph-Tchebyscheff distribution applied to sin (2TTb n >. 
The results are shown graphically in Figure IS, p. 65. For radiation 
received from a direction along the boresight axis, the first and second 
sideband signals are down 16.9 and 23.5 db., respectively, from the car- 
rier signal. However, for all incoming radiations in the interval (32.5° 
s 0 s 65.5°), both of the first two sideband levels are higher than the 
signal at the carrier frequency. It is evident from these results that 
the filter must possess a sharp cutoff characteristic about the carrier 
frequency in order to realize the desired degree of sidelobe reduction. 

Following a similar line of reasoning which was used to determine 
equation 3-8, the ratio of the modulated antenna gain to the static array 
gain is equal to 




n = 0 



G| -S+A+* 



where 








A is the relative excitation of the nth element 
n 

b Q is the modulation parameter 
T is the period of modulation 
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In general, the modulated antenna gain was found to be 2 to 4 db. below 
the unmodulated gain. This gain reduction is included in Table II, p. 31. 
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5. Model III 



A variation of the technique used in Model II would consist of modu 
lating the signals from the individual elements with locally generated 
sinusoidal signals of constant frequency, C a) Q , but of varying phase, 0 R 
This system would require only one generator which would be connected to 
the various feed lines through phase shifting networks or delay lines. 
The resulting signal would be combined with the received signal in each 
feed line modulating element as shown in Figure 16, p. 66. Sidelobe re- 
duction is achieved by introducing into each line the proper degree of 
phase shift. Mathematically, the array modulation takes the form 



Ci/\ ("0 - K Cos (l<t + 



5- 



where 



K - C 



OJo « U) 



The modulated excitation coefficent is equal to 




'o 





but since 



K r Cloo - 



rrrc 
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it follows that 




7 . ^>v 

Oloa = T 



S in (TTC) g©S (fTC + 4>^ 



5-2 



the signal entering the detector is 



„ \oo-t £r l 

!/(&.$£)* e /- r 

n*<? 

. / \ / , v JnKd C«5 © 

• (TTC) C05(irCt^) e 
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From equation 5-2, the expression for the normalized modulated exci- 
tation coefficent at the carrier frequency is 



This expression differs from those given for Models I and II in that it 
is now a function of two variables: (1) the frequency of the sinusoidal 

feed line signal, and (2) the phase relationships which exist between 
these sinusoids. For integral values of C, the modulated excitation co- 
efficient is equal to zero, regardless of the phase relationships. A 
plot of the expression Q >L S < A CoS ^TTC.^ "1 as a f unc “ 



tion of 0 for various values of C is given in Figure 17, p. 66. Once a 
particular value of C is chosen, the desired amplitudes of the coeffi- 
cients are obtained by properly selecting values for 0 r . This is a very 
practical method for determining the coefficient values. For example, 
the amplitude coefficients for a 40 db. Dolph-Tchebyschef f distribution 
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have previously been determined to be 0.144, 0.413, 0.755, and 1.000. 

To obtain these coefficients with a value of C = 0.25, the relative 
phase of the sinusoidal modulation is 39.25°, 28.0°, 12.75°, and 0.0°. 
These values can be obtained with phase shifting networks or delay lines. 
Some computed results obtained by varying C and 0^ are given in Table III. 

Employing some of the techniques used in Models I and II, an analy- 
sis of the signal content in the sidebands generated by the modulation 
process was developed. The general form of the modulated excitation 
coefficient is given by 



where 



I _ f T - J 

“ T J C 



CU «.) = A* K Q,OS (k± + 

K- 

■LTPva , 

MMo- j m- i 2.j 



Therefore, 

A 



CL*« *• 



i A ft f "** - j WJrwt. 

T J Cos CK-k-Ht>n) e d'C 



■ ¥f( 



Co$ Kt - 5 in Kt s.'n e" J ^ d“6 



* ” jcos <(> n )(K s ; n kt -j cos kt) 

+ )(KC0S k*fc +J WJrw S'* Kt)^ 
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CALCULATED FIELD PATTERNS FOR MODEL III 
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&*AA 



A»K f r ->- T / . \ , 1 

- jc .05 S (K si* KT KT) + jtdmJ 

+ Sin <fi„ J^e J Cos KT + ju)iw Sin KT^- 



but since 
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The unfiltered signal from the antenna array is then 
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Figure 18, p. 67, shows the signals at the carrier plus the first two 
sideband frequencies for a 40 db. Dolph-Tchebyscheff coefficient distri- 
bution. This figure points out once again the necessity for employing 
a filter with sharp frequency cutoff characteristics. The two sideband 
signals are- greater than the desired signal for values of 0 less than 
about 70°. If these signals were permitted to reach the detector, the 
effort expended in achieving —40 db. sidelobes would have been wasted. 

The ratio of the modulated antenna gain to that of the static array 
at the carrier frequency is given by 
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As indicated in Table III, p. 38, typical gain reductions were found to 
be about 2 to 4 db., depending upon the parameters selected. 
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6 . 



Model IV 



The final form of array modulation to be studied in this investigation 

consists of a device which periodically shifts between two discrete values 

the phase of the signal induced in each element. The electronic phase 

shifters required for this type of system lie within the present state-of- 

the-art. Each feed line contains a device which shifts the phase of the 

incoming signal between two values: (1) 0^ for the first half of the 

modulating period, and (2) 0 for the second half. The system is shown 

B 

schematically in Figure 19, p. 68. The values of 0^ and 0^ are independ- 
ent in each of the feed lines. Thus, 




e 




6-1 



where 




'/or' 0 - 2- 






6-2 



The modulated excitation function is 






Te 



J 
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(XOA ~ 2. [^CoS +Co5 <*.) 



Aa r . / ^>4«+ 4>Sn\ / 4>An - 4 > <3'A 

s 2 [Acos( 2 /^>5 ( *2 J 

f ( fan - ^ fl <1 \ ") 

+ j 2» S Ml ^ “ =£ J C02 ( 2 . ) J 



a /^-Mf , / <J>4n + 4 > 60\"l 

^k\ s A^C05^ 2 . /J^COS^ 2 /"*J^' n (^ *2- /J 



An expression for the filtered signal from the array is 




The excitation coefficient at the carrier frequency resulting from 
this form of modulation is more interesting than those produced by the 
previous models in that it is a complex function of two variables. This 
implies that an angle as well as a magnitude is now associated with the 
multipliers. The normalized carrier frequency coefficient was previously 
determined to be 




42 



where 

0. = phase state of the nth element for OSt^T/2 

An 

0_ = phase state of the nth element for T/2^t^T 
Bn 

Two sets of values for 0^ n and 0g n are quite interesting. The first is 

the case in which 0_ = — 0. results from a type of flip-flop phase re- 
fin An 

versal network. The expression for a Qn reduces to 



&OA = COS $4* (ces 0 S'* O ) - COS C(> 



4* 



6-6 



Any of the distributions which have been previously discussed can be con- 
veniently obtained by the proper choices of 0^ n * The second set of para- 
meters which have a predictable effect upon the coefficient is 0_ = 0. 

Bn An 

+ 180°. This unwise choice will result in a value of a equal to zero, 
— on M 

since 






/ 4* + l®_9 A 

* cu>s( 1 ; 



°C cos^+9o} — o 
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With this coefficient equal to zero, there will be no signal from the 
array at the carrier frequency. 

All other combinations of <h and 0_ will, in general, result in a 

An Bn 

complex expression for the unmodulated excitation coefficient of the 
form 
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where 



0.OA * L ftn 



6 = the magnitude of the modulation signal in the nth element 

n 

= the phase angle of the modulation signal in the nth element 

A nomogram was prepared to aid in the computation of 6 and 3 from given 

n n 

values of 0. and 0_ , and visa versa. This is shown in Figure 20, p. 68, 
An Bn 

for 0^6 ^1 and — 90°^2T £+90°. To determine the values of 6 and the 
n n 

abscissa and ordinate are entered with the given values of g> and 0 . 

A B 

The diagonal lines which pass through the resulting point indicate the 
magnitude and phase angle of the particular multiplier. For example, if 
0 = 60° and 0 as 20°, the value of 6/. would be 0.766/. 20°. To deter- 

A Ij 

mine the values of 0 and 0 which will produce a desired 6 (Jf, the nomo- 

A. D 

gram may be entered in either of two places with 6 and two sets of 

0 and 0 values will result. As an example, if it is desired to real- 
A B 

ize a multiplier equal to 0.5/. 15°, either of the two sets (0 A = 75°, 

0_ = —45°) or (0 = —45°, 0„ a 75°) may be employed. This form of modu- 
li Ad 

lation gives the designer a much wider latitude in the determination of 

element multipliers than was possible in the previous forms discussed. 

Any distribution for the magnitude and phase of the element excitations 

can be realized by the proper choice of modulation parameters. 

A number of field patterns were calculated for various magnitude 

distributions of the modulated excitation coefficient, $ , with the phase 

n 

angle, 3^, equal to zero. The results were in good agreement with those 
expected from the theory; array patterns were produced with a significant 
reduction in the magnitude of the sidelobes. Table IV presents a sum- 
mary of the calculated values. 

In an effort to possibly reduce the beam width or to achieve a beam 

steering capability without resorting to phase delays in the feed lines, 

distributions of 6 were tested with 3 free to vary from — 90 to +90 

n n 

degrees. The results of this phase of the investigation were disappoint- 
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CALCULATED FIELD PATTERNS FOR MODEL IV 
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ing. A slight degree of beam steering was achieved, but in an unpre- 
dictable manner. The beam width did decrease in some cases; however, it 
was accompanied by new and much stronger sidelobes. While successful 
joint distributions of § n and which would accomplish more than side- 
lobe reduction were not uncovered, the additional degree of freedom seems 
to indicate that they would exist. A search for distributions which would 
achieve some of these desired properties might present a basis for further 
research in this area. 

This particular type of modulation is similar to all other forms in 
that part of the received signal is converted into the sideband spectrum 
about the carrier frequency. In order to determine the extent to which 
this sideband signal detracts from the desired signal, it is necessary 
to obtain a generalized expression for the modulated excitation coeffi- 
cient, a . From equation 2-6, 



mn 



where 




6-9 
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Therefore, 
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However, since 



uJ* T= muOoT - 2 ivm \ m = 1 1 - z 5 . 5 - M 

the following relationships exist: 
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w\ odd 
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6-12 



6-13 



6-14 



As a result, there will only be odd-numbered sideband frequencies in the 
output signal of the array. 
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and 
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From equation 6-5, for m ■ o: 



Ct>4o-4>4n / <t>Ah+<t>6* , , d*n+4><S* \ 

- H* Cos> ' 5 l" (^CoS a. f J s I Y\ 7- y 



The sideband signal developed by the modulated array is then equal 



to 



jr\Kdc®s© 

2 _ e 2 _ d -" e 

'moJJ n*o 6 _ x 

Figure 21, p. 69, shows the signal levels at the carrier and the 
first and third sideband frequencies for a desired sidelobe reduction of 
40 db. The results clearly show the necessity for employing a narrow 
band pass filter centered about the carrier frequency. Both of the 
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sideband signals are considerably stronger than the desired signal for 
angles of more than about 20° from the boresight axis. These frequen- 
cies must be filtered out prior to detection in order to achieve the — 40 
db. sidelobes. 
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7. 



Conclusions 



This investigation has demonstrated the ability of parameter modu- 
lation to reduce the sidelobe level of a linear antenna array. The mod- 
ulation can take practically any form, and can be used to very such 
factors as the apparent length of the array and the phase and frequency 
relationships in the various feed lines. The signal from the array must 
be filtered prior to detection as it contains additional sideband signals 
generated by the modulation process. In accordance with the sampling 
theorem, the modulating frequency must be greater than twice the highest 
frequency component contained in the information-carrying signal. 

Four specific types of modulation were investigated in this study. 
They were: 

1. Model I with parameter T n > the ON time of the nth element. 

2. Model II with parameter b^, the frequency controlling factor 
in the nth feed line. 

3. Model III with the parameters C, a frequency factor common 

to all feed lines, and 0 , the relative phase in the nth 

n 

feed line. 

4. Model IV with parameters 0^ n and 0 fin » the relative phases in 
the nth feed line during the first-half and the second-half 
periods of modulation. 

The radiation patterns formed by varying the parameter distributions in 
each of the four models were compared to the static, or unmodulated, array 
pattern. It was found that: 

1. The sidelobe level was reduced by more than an order of 
magnitude with the proper parameter selection. 

2. The loss in receiving antenna gain caused by the modulation 
was generally from 2 to 4 db. 
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3. The beam width of the receiving pattern increased as the 
sidelobe level was reduced. 

4. The main beam could be steered through an arc of about 70°, 
while the modulation held the sidelobe level to the desired 
value. 

3. In order to realize the intended sidelobe reduction and pre- 
serve the information content of the signal, strict require- 
ments must be placed upon the band-pass filter prior to de- 
tection. 

There are a number of specific topics which require further study in 
this area. For example: 

1. How can modulation be applied to other types of antenna 
systems? 

2. What desirable properties other than sidelobe reduction can 
be realized by antenna modulation? 

3. How does the modulation affect the mutual coupling between 
the individual elements? 

4. What other types of modulation could be applied to an array? 

5. Referring to Model IV in this study, what joint distributions 

of 6 and If could be used in order to achieve beam steering 
n n 

or a reduced beam width? 

The use of time as a design parameter does give an additional degree 
of freedom to the linear receiving array. How effective this technique 
will become depends, in part, upon the answers to the above questions. 
Modulation is a relatively new concept in antenna design. Its full po- 
tential has yet to be developed; however, the philosophy of time modu- 
lated antennas does warrant further study. 
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Figure 1. Linear antenna array used in this study. 




Figure 2» Frequency spectrum of the signal from the 
modulated array, v(6, 0, t). 
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o 




0 (deg.) 

Figure 3. Static, or unmodulated, array field pattern 
for Model I with -v _ 

ui - ti — • • - - C ^ . o 
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FIELD STRENGTH (db.) 



0 




Figure 4. Array field pattern for Model I with inversely 
and linearly tapered ON times: j Q - o T 5 

X$-X u - 0.50 , X)-Xs - O. 2 . 5 . 



■t 
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FIELD STRENGTH (db. 
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Figure 5. Array field pattern for Model I with linearly 
tapered ON times: Ir, - X& - o.XS , tii *t- l O. So, 

O.IS j and 1,0 
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FIELD STRENGTH (db 




Figure 6. Array field pattern for Model I with linearly 
tapered ON times: o.l ^ tn*. o.4 } 

t 3 : 0,1 , and | l0 
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Figure 7. Array field pattern for Model I with linearly 
tapered ON times: Os |5 tjt 0.4 5 'fe-u - "t-i- o* j 

-Ko =• o. 8 , and ^*^ 5 * 1.0 
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FIELD STRENGTH (db. 





Figure 8. Array field pattern for Model I with a binomial 
distribution of ON times: o.oz.9, 'tx- "fci » o, 

tu » 0.60 y and 
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FIELD STRENGTH (db. 




6 (defe.) 



Figure 9. Array field pattern for Model I with a 30 db. 
Dolph-Tchebyscheff distribution of ON times: 

t,, s O. 81^ , and 

*$- J.O 
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Figure 10. Array field pattern for Model I with a 40 db. 
Dolph-Tchebyscheff distribution of ON times: Ir,*- 0 . 1 4 4 , 

Vi- - 0.4l3>, tjs t»s 6.1S5) and /*0 
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PROGRESSIVE PHASE DELAY, p, (deg.) 

Figure 11. Main beam position and beam width as functions 
of the progressive element phase delay factor, p. 
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BEAM WIDTH (deg.) 
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Figure 13. 



sin(2trb ) as a function of b 
n 



# 

n 
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FIELD STRENGTH (db. 




9b 



Uo 



v 30 
6 (deg.) 



<0 



Figure 14. Array field patterns for Model II with no 
modulation: b^ = bg = . . . m bg s 0.25: and with a 40 db. 

Dolph-Tchebyschef f distribution of sin(2TTb n ): a bg a 0.02305, 

bg — b 7 a 0.0678, bg = bg — 0.1365, and b^ m b^ = 0.25. 
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FIELD STRENGTH (db.) 







Figure 15. Array field patterns at the carrier and first 
two sideband frequencies for Model II with a 40 db. Dolph- 
Tchebyscheff distribution of sin(2ftb n ). 



K 
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sin(2ftC + 0) - sin(0) 




Figure 16. Antenna array for Model III. 




Figure 17. [sin(2ffC + 0) - sin 0] as a function of 0 
for C s 1/8, 1/4, and 3/8. 



66 





FIELD STRENGTH (db. 




Figure 18. Array field patterns at the carrier and first 
two sideband frequencies for Model III with a 40 db. Dolph” 
Tchebyscheff distribution of * on s C-o.X5j <fc,= (fca* 3^,Z.5° } 

2.9. o° j <fc 3 s<#>* = and O.O* 

/ 
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(deg.) 





0 A (deg.) 

Figure 20. Nomogram for finding iL't from 0^ and 0 , and 
vice versa, using the relationship: 



$/.%-COs( 5T"* )[C0S( i. ) t jS'h( z JJ 
68 



d>4+4»< 



(fa 






FIELD STRENGTH (db. 




6 (deg.) 



Figure 21. Array field patterns at the carrier and first 
and third sideband frequencies for Model IV with a 40 db. Dolph- 
Tchebyscheff distribution of A Qn : <f>*, = 4> Aa * * 81. 1 9 , 

d> A *i s - (e s, u * j * - d>es - - <t -Ai-o° ? 

o,o* 
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SIDELOBE LEVEL (db.) 



4 z 

4<? 

33 
3le 

34 

32. 

3o 
26 
26 
z4 
iz 
Zo 

1, 10 J./3 A/6 /.2Z J.2S 1.2 8 A3/ 

Z 

o 

Figure 22. The parameter, Z 0 , as a function of side* 
lobe level for an eight element Dolph-Tchebyscheff distri- 
bution. [4] 
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APPENDIX 



THE DOLPH-TCHEBYSCHEFF DISTRIBUTION 



The Dolph-Tchebyscheff distribution is, in effect, a compromise 
between the uniform and the binomial distributions. A uniformly excit- 
ed element distribution produces a field pattern with a relatively nar- 
row beam width but with a high sidelobe level. The binomial distribu- 
tion results in a pattern with zero sidelobes but with a very wide beam 
width. With the Dolph-Tchebyscheff distribution, the beam is widened 
somewhat and the sidelobe level is not zero; however, the relationship 
between the two is optimized.[l] 

The theory behind the distributions has been covered in great de- 
tail throughout technical literature and as such, will not be repeated 
here.£l, 3, 4] Of interest in this study is the determination of the 
actual coefficient values associated with the distribution for an assum- 
ed eight element array. A plot of the sidelobe level as a function of 
the parameter Z Q is shown in Figure 22, p. 70, for an eight element 
array. [4] The graph is entered with the desired sidelobe level to ob- 
tain a value of the corresponding Z q . This value of Z q is then used in 
the following set of equations to solve for the required coefficients: 



X i - Ig - -2.fi, 





1 4* Is* 11-1 - 5Iit7l| - 1 ±c 
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For example, assuming that the maximum desired sidelobe level is 40 db. 
below the main beam, Figure 22 gives the required value of as 1.30. 
This gives: 

X, - X 8 - 2c" 1 = Cl* 30) 1 = b. 27 

- IX, - 

= 70 ‘ 3 o) 5 =. 18.00 

l3 s x<. * 5lt - i4l. +» i4 

- SO^oo')- 14 (b t zi) + 14 0* 

- 31. 9o 

I** *5 - 3 r 3 - 5 X Z +11, -7^0 

s 3<32,<?o) -s(/J ( oo)+ l(b'T-l') -7 ('/.Bo') 

- 43,55 

If these coefficients are now normalized such that 

X^ * X * Ij OOO 

the desired distribution is 

Xa - 43,55 “ o. 1 44 
ia. 00 . 

Xx- In - 43,55 5 0.4 1 3 
-fHs * O.TSS 
X4- Is - /.000 

The Dolph-Tchebyscheff distribution was originally developed for the 
purpose of scaling the magnitude of the excitations in the individual ele- 
ments of an array. In the modulating techniques under investigation in 
this study, the distribution was applied to the expressions for the field 
pattern of the antenna. As such, the coefficients governed such factors 
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as the element ON times, the frequency of modulation, or the phase 
relationship between the elements as required by the particular type of 
modulation. 
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